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INTRODUCTION
Despite sustained interest, the impact of lipid levels on late-life cognition remains unclear. Prior studies of elevated late-life lipids and subsequent risk of incident dementia report either null results or protective associations.[1, 2] Studies of elevated midlife total cholesterol and risk of dementia are mixed, with many[3-8] but not all[9, 10] reporting adverse associations. Accelerated cognitive decline is also itself a concern, even if it never progresses to dementia;[11] therefore, risk factors for cognitive change represent potential targets for intervention with the dual goal of improving quality of life and preventing dementia. Associations between risk factors and cognitive change are also less susceptible to reverse causation and confounding than associations between risk factors and cognitive status. While existing studies have examined the association between late-life lipids and near-term cognitive change, [12] [13] [14] [15] [16] the impact of midlife or decades-prior lipid levels on cognitive change remains unknown. In addition, questions remain about the influence of contextual factors, including race and apolipoprotein (APOE) ε4 allele status. Most prior studies of lipids and cognition have examined predominately white populations. While existing studies of midlife lipids and dementia collectively do not support a synergistic effect of APOE and lipids on dementia risk [1] , there is evidence in other contexts to suggest that the combination of vascular risk factors and APOE may confer greater risk of cognitive deterioration than would be otherwise expected. [17, 18] Therefore, our goal was to consider the association between multiple lipid fractions in midlife and 20-year cognitive decline using data from the large and predominantly biracial Atherosclerosis Risk in Communities (ARIC) study, overall and within selected subgroups.
METHODS

Study Population
ARIC is a longitudinal cohort study of 15,792 persons recruited at ages 45 to 65 from four U.S. communities: Minneapolis suburbs, MN; Forsyth County, NC; Washington County, MD; and Jackson, MS. [19] All participants in Jackson, MS were black. Five study visits have been completed: Visit 1 (1987) (1988) (1989) , Visit 2 (1990) (1991) (1992) , Visit 3 (1993) (1994) (1995) , Visit 4 (1996-1998) and Visit 5/ARIC Neurocognitive Study (Visit 5/ARIC-NCS, 2011-2013). Visit 2, the time of the first cognitive testing, serves as study baseline.
For this analysis, we excluded ARIC participants who did complete cognitive testing at Visit 2 (n=1,752). We also excluded 43 individuals who were neither black nor white, were nonwhite from MD or MN, or who did not agree to use of their genetic data, to allow for adequate control of confounding by race-ethnicity and APOE e4 status. This study was approved by the institutional review boards of all participating institutions. All subjects provided written informed consent to participate at each study visit, based on local standards.
The DWRT assesses verbal learning and memory. Participants are asked to learn 10 nouns, use them in sentences, and recall them 5 minutes later; the score is the number of correctly recalled nouns. The DSST is a test of executive function, sustained attention, and processing speed. Participants translate symbols to numbers using a key; the score is the number of correct translations within 90 seconds. The WFT is a test of phonemic fluency where participants are asked to generate words starting with a specific letter during a 60 second interval. We used the letters F, A, and S; the score is the number of correct words generated over all three trials.
All scores were roughly normally distributed. We created z-scores for each test using the mean and SD of scores at Visit 2. We also created a summary z-score by standardizing the sum of the three individual test z-scores in the same manner.
Covariate Assessment
Potential confounders accounted for in the analysis included age and its square (years), sex (male/female), race-center (MS-black/NC-black/NC-white/MN-white/MD-white), education (<high school/high school or equivalent/>high school), leisure time physical activity (inactive/active), health insurance status (yes/no, as a proxy for socioeconomic status and access to health care), body mass index (kg/m 2 ), alcohol use (current/former/never), smoking status (current/former/never), diabetes (yes/no), hypertension (yes/no), lipidlowering medication use (yes/no), APOE ε4 allele status (0, 1, or 2 ε4 alleles), and two indices of dietary pattern (continuous, z-scored). Demographics, leisure time physical activity, health insurance status, and dietary patterns were assessed at Visit 1, APOE was measured via genotyping, and all other covariates were defined using data at Visit 2. We defined leisure time physical activity as inactive if a participant had a sport activity score of <2 [29, 30] from the Baecke Questionnaire. [31] We defined diabetes as self-reported physician diagnosis of diabetes, ≥126 mg/dL fasting glucose, ≥200 mg/dL non-fasting glucose, or use of diabetes medications. We defined hypertension as measured systolic blood pressure ≥140 mmHg, measured diastolic blood pressure ≥90 mmHg, or use of antihypertensive medications. Medication use was determined through visual inspection of medications at the study visit and linkage to Medi-Span Therapeutic Classification codes. Dietary pattern indices were based on food frequency questionnaire data, derived using principal components analysis and z-transformed, and reflect degree of adherence to either a prudent or western dietary pattern.
[32] Additional variables used in sensitivity or effect measure modification analyses include fasting status at Visit 2 blood draw (>8 hours, yes/ no), race (black/white), stroke prior to Visit 5 (yes/no), and statin use at Visit 5 (yes/no). linear spline with a knot at 6 years (approximately the time of Visit 4). All models were adjusted for the potential confounders listed above, as well as their interactions with each spline parameter. We specified an independence covariance matrix for the three random effects included: a random intercept and random slopes for each piecewise range of the linear spline. Exploration of potential nonlinearity of the association between continuous baseline lipid concentrations and subsequent cognitive change suggested inclusion of a quadratic term for lipid concentration (but not the interaction between this quadratic term and time) improved model fit for a subset of models; therefore, we included a quadratic lipid term (but not its interaction with time) in models considering lipids as a continuous variable. For triglycerides only, model diagnostics suggested a non-linear association between triglycerides and cognitive change driven by those in the highest category (>500 mg/dL or 5.65 mmol/L); therefore, we report linear association excluding the 0.7% of persons with >500 mg/dL (5.65 mmol/L) triglycerides. For our primary analyses, we used a complete case approach to deal with missing exposure and covariate data.
Sensitivity Analyses
To address questions about whether alternate lipid fractions are additionally informative we also assessed associations with non-HDL-c. As fasting status can impact lipid values, we repeated our primary analyses after restricting to the 97.0% of persons who were fasting >8 hours prior to blood draw. As stroke can significantly impact cognition, we repeated our primary analyses after excluding those with documented stroke during follow-up. Finally, to understand the impact of missing data and selective attrition, we multiply imputed missing exposure, covariate, and cognitive data using an adaptation of multiple imputation chained equations models (MICE) previously developed for this purpose.
[34] We examined associations after (a) imputing exposure and covariate data only, (b) additionally imputing cognitive data at the time of each study visit for those known to be alive at the time of the study visit, and (c) additionally imputing cognitive data for those known to die during follow-up at a time 6 months prior to death. Imputation of cognitive data addresses the potential issue of selection bias, given the expectation that persons who are lost to follow-up are preferentially those with cognitive impariment [35, 36] and evidence less desirable lipid levels are associated with a slight increase in risk of attrition. For all MICE models, we used a burn-in of 25 iterations, and report results based on combined estimates from 20 to 25 imputations.
Effect Measure Modification
We evaluated whether there was support for effect measure modification of the reported associations between continuous lipids and cognitive change by race (black/white), sex, APOE (no ε4/any ε4) lipid-lowering medication use at Visit 2 (yes/no) and (only among those with complete follow-up) statin use at Visit 5 (yes/no) using multiplicative interaction terms and Wald tests of these combined interaction terms. We present stratified analyses where we found support for effect modification. Throughout we report 95% confidence intervals and consider a p-value of <0.05 to be statistically significant. We did not correct for multiple comparisons because such correction stands to be highly conservative considering substantial correlations among the various cognitive tests and lipid measures. Rather, we interpret our findings relative to our hypothesis that less desirable midlife lipid levels would Power et al.
Page 5
Alzheimers Dement. Author manuscript; available in PMC 2019 February 01.
Author Manuscript
Author Manuscript
Author Manuscript be associated with excess 20-year cognitive change, and weigh whether our findings are consistent with those expected if cognitive decline were independent of lipids determinants. All analyses were completed in STATA, Version 14 or SAS, Version 9.3.
RESULTS
At the time of baseline cognitive testing (ARIC visit 2), all potentially eligible participants (N=13,997) were between the ages of 46 and 70, 92% were 65 or younger, 56% were female, and 23% were black. The mean age of those who provided cognitive data at Visit 5 was 76. On average, eligible study participants completed 2.2 follow-up visits. Additional characteristics are provided in Table 1 and Appendix Table 1 .
Using linear parameterizations of lipid levels, higher total cholesterol and triglycerides at Visit 2 were associated with greater 20-year decline on all measures of cognition (Table 2) . Higher LDL-c was associated with greater 20-year decline only on the DSST. HDL-c was not associated with cognitive change.
Taken as a whole, analyses considering lipid categories suggest an association between elevated total cholesterol, LDL-c, and triglycerides with greater 20-year decline in DSST scores, and between elevated total cholesterol and triglycerides with greater 20-year change in summary z-scores (Table 3 ). However, we note estimates for individual category contrasts were sometimes non-significant and/or did not perfectly reflect a linear-dose response pattern.
Sensitivity analyses considering associations with non-HDL-c were consistent with analyses considering total cholesterol and LDL-c (Appendix Table 2 ). Results of our sensitivity analyses were generally consistent with the primary findings, with the only substantial difference being the emergence of an association between higher LDL-c, parameterized as a linear term, and greater 20-year decline on the summary Z score in all three of sensitivity analyses imputing missing data (Appendix Tables 3-8 ).
For context, the estimated impact of having high versus desirable total cholesterol, LDL-c, or triglycerides --according to the ATPIII guidelines >240 versus <200 mg/dL (>6.21 versus <5.17 mmol/L) total cholesterol, 160-189 versus <100 mg/dL (4.14-4.91 versus <2.59 mmol/L) LDL-c, and 200-499 versus <150 mg/dL (2.26-5.65 versus < 1.69 mmol/L) triglycerides --on 20-year cognitive change in DSST score was 47-74% of the estimated impact of having 1 APOE ε4 allele in our sample and was 65-101% of the previously reported estimated impact of having hypertension versus normal blood pressure at Visit 2 in previously reported analyses from substantially the same sample (Figure 1 
, Panel A).[37]
The estimated impact of high versus desirable total cholesterol, LDL-c, and triglycerides on 20-year change in summary z-score was similarly comparable (Figure 1, Panel B ).
There was no evidence of effect modification by sex, use of lipid-lowering medications at Visit 2, or, among those with complete follow-up, use of statins at Visit 5. There was significant effect modification by race and APOE ε4 allele status for a subset of the considered associations (Table 4 ). The associations between higher total cholesterol or LDLc and greater decline in DSST, DWRT, or summary z-scores were present in white 
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Author Manuscript participants, but absent in black participants. The associations of total cholesterol, LDL-c, and triglycerides with greater decline in DWRT scores were limited to those with at least one APOE ε4 allele while the adverse association between triglycerides and 20-year change in WFT scores was present only in those lacking an APOE ε4 allele.
DISCUSSION
In our data, elevated total cholesterol, LDL-c and triglycerides at baseline were associated with greater 20-year cognitive decline, with the strongest evidence in support of associations between lipids and decline on the DSST, a test of executive function, sustained attention, and processing speed. While this may suggest lipids are related to selective decline in these domains, we are hesitant to draw strong conclusions given differences in the psychometric properties of the three cognitive tests. The estimated magnitudes of effect are admittedly small, such that the mean impact of elevated lipid levels on 20-year decline would not be noticeable in an average individual in the context of typical age-related declines. The most extreme point estimates from Table 3 translate into a difference of 1.8 points on the DSST, 0.2 points on the DWRT, and 0.7 points on the WFT on their raw scales. However, even a small population-level impact could have noticeable impact on the number of persons ultimately affected with cognitive difficulties. For context, the estimated magnitude of excess cognitive decline on the DSST contrasting those with "bad" to "good" lipid levels is approximately 1/2 to 3/4 of what we observed for having one APOE ε4 allele, an established risk factor for Alzheimer's disease dementia, and is in the range of the magnitude of effect previously reported in this cohort contrasting those with midlife hypertension to those without.
[37]
Strengths of this study include the large sample size, consideration of multiple lipid fractions measured in midlife, the bi-racial cohort, and long follow-up. Our study also has limitations. Informative attrition may have introduced selection bias. However, sensitivity analyses imputing cognitive data, which were specifically designed to address this potential source of bias and which were previously shown to significantly alter associations between diabetes and 20-year change,[34] did not substantially change effect estimates. This suggests that the degree of bias due to attrition is likely small. Moreover, any remaining selection bias due to either death or non-death attrition would be expected to mute or reverse adverse findings under plausible causal structures supported by our data [38] , but is unlikely to create the adverse associations we observed. As with any study, we cannot completely discount the potential for residual confounding. We use only three cognitive tests to assess cognition that do not cover the full range of cognitive domains and may be variably sensitive to change. Thus, our findings of strong, consistent associations with the DSST may reflect better sensitivity of the DSST to small changes in cognition, rather than selective decline in executive function, sustained attention, and processing speed.
Our results must be considered in the context of existing studies of lipids and dementia, lipids and cognitive decline, prior work in the ARIC cohort, and prior work on the impact of statin use on cognition. First, our results concur with prior studies suggesting an adverse association between higher lipid levels (typically total cholesterol) in midlife and increased risk of dementia.[3-5, 7, 8] However, it should be noted that other studies of midlife lipids and dementia report no association[9, 10] or association only among subgroups.
[6] Second, in contrast to our study, prior studies of the association between lipids and cognitive change assessed lipids in late life and have short follow-up times. In the Longitudinal Aging Study Amsterdam, higher total cholesterol at baseline (mean age: 76 years) was associated with slower decline on the Mini-Mental State Examination (MMSE), processing speed, and memory performance tasks over 6 years.
[12] Similarly, in both the Neurological Disorders in Central Spain (NEDICES) cohort [15] and a small sample of non-demented persons, [16] hypercholesterolemia in late life was associated with slower decline on the MMSE over 3 years. To the contrary, hypertriglyceridemia and low HDL-c at baseline (mean age: 73 years) were significantly associated with greater decline on the MMSE but not other cognitive tasks over a 2 to 4 year follow-up in the Three-City study. [13] Moreover, lipid levels at baseline (mean age: 76 years) were not associated with cognitive decline over up to 7 years of followup in the Washington Heights-Inwood Columbia Aging Project (WHICAP). [14] Potential explanations for the discordance between our findings and many of these prior studies include the potential for greater floor effects or selection bias in older cohorts,[39] differences in effect based on age at lipid assessment or amount of time since assessment, [40] or reverse causation.
[6] Third, prior work in ARIC has considered the association between lipids and cognition. One prior study found no association between midlife total cholesterol and 6-year cognitive change (Visit 2 to 4).
[41] This is consistent with our findings as most of the effect between Visit 2 lipids and cognition was the result of greater decline between Visits 4 and 5 in those with higher lipids. A second study in ARIC reported a strong, but non-significant association of total cholesterol and risk of dementia hospitalizations when total cholesterol was measured before age 55, [42] which is also consistent with our findings. Finally, despite evidence from our study and others linking midlife lipids to late life cognition, the current evidence suggests that use of statins does not protect against dementia, at least in the near term.
[43] Our study cannot comment directly about the impact of statin use in midlife on risk of cognitive decline given statins had only been recently introduced at the time of our lipid measures. Only 2.5% of eligible persons were taking statins at Visit 2, resulting in insufficient numbers to address known issues of confounding by indication and healthy user effects. However, since Visit 2, the indications for statin use and its uptake have increased dramatically. At the time of Visit 5/ARIC-NCS, 51% of persons in our sample were using statins, and lipid levels were lower than those observed at Visit 2, likely reflecting the impact of older age and increased emphasis on lipid management. Thus, our findings are consistent with the notion that lowering lipids via medication use in late life does not have a near-term beneficial impact on cognition. It further implies that statin use or other lipid-lowering interventions in midlife may be effective for mitigating cognitive decline over the subsequent decades.
In our study, the association between lipids and cognitive decline appears absent in black participants, mirroring prior findings of a lack of association in black participants between hypertension and cognitive change in this cohort.
[37] However, whether this represents true differences or is a result of unaccounted for bias or remains unclear. For example, our findings may reflect differences in the etiology driving cognitive change across individuals of differing racial groups in our sample. To the contrary, we cannot discount the possibility of a chance finding, greater unaccounted for selection bias among black participants, differential unaccounted for confounding, or the possibility that it is some other aspect of place, rather than race (the vast majority of black participants were from the Jackson, MS site), that accounts for the lack of association in this group. Notably, while the mean baseline cognitive scores were lower for black than white participants, we did not see strong evidence of floor effects that would preclude detection of cognitive change. Interestingly, we also observed much stronger associations between elevated lipids and accelerated change in DWRT scores among those carrying APOE ε4, consistent with the "double hit" hypothesis, [17] whereby APOE and vascular risk factors in combination confer greater excess risk of Alzheimer's disease dementia than would be expected. Future work will be needed to further investigate this possibility.
Given the magnitude of the observed associations between accelerated cognitive decline and elevated total cholesterol, LDL-c and triglycerides is in the range of that observed for associations with established risk factors -namely midlife hypertension and the APOE ε4 allele -our study suggests that prior lipid levels are a notable risk factor for cognitive decline. As aggressive lipid management became standard medical practice during the course of follow-up, our study further suggests that lipid-lowering interventions in late life, including statins, cannot completely mitigate the adverse consequences of elevated lipid levels earlier in life. However, lipid management, beginning in midlife, may help lower risk of dementia. Future work is needed to understand the long-term impact of lipid management, including statin use, and to further potentially susceptible or resilient subgroups.
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HIGHLIGHTS
• Elevated midlife lipids were associated with 20-year decline in executive function.
• Total cholesterol and triglycerides were associated with overall cognitive decline.
• Results were similar in sensitivity analyses addressing informative missingness.
RESEARCH IN CONTEXT
Systematic Review
The authors reviewed the literature using traditional (e.g. Pubmed) sources. Existing studies of lipids and cognitive change consider the association of lipid levels in late-life with subsequent cognitive change, despite a pervasive pattern where midlife, rather than late-life risk factors are most relevant to cognitive health. Thus, the impact of elevated lipids in midlife on cognition trajectories remains unknown.
Interpretation
Elevated total cholesterol, LDL-c and triglycerides at midlife were associated with greater decline in cognition over the subsequent 20 years. The magnitude of these associations is comparable to the magnitude of association between midlife hypertension or one APOE ε4 allele and 20-year cognitive change.
Future Directions
Future work is needed to understand the long-term impact of lipid management and identify susceptible sub-groups, including investigation of the "double hit" hypothesis postulating that APOE genotype interacts with vascular risk factors to confer excess risk of Alzheimer's disease dementia. Table 2 Average adjusted difference in 20-year decline in cognitive test z-scores per 10 mg/dL ‡ higher plasma lipid levels at Visit 2 in participants of the The adjusted association between a 10 mg/dL ‡ change in plasma lipids at Visit 2 and 20-year cognitive decline in cognitive test z-scores by race or APOE ε4 status where there was support for effect measure modification 
